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The single-stranded DNA of filamentous phages (fl, fd, M13, Ike) contains a region that can fold into a
hairpin structure that serves to earmark the DNA for encapsidation. Second-site suppressor mutants of fl that
can compensate for deletion of this packaging signal have been isolated and characterized. The mutations lie
in three genes, two that encode virion proteins located at the end of the particle that is first to emerge from the
cell, the end at which the packaging signal is located, and the third in a gene whose product is required for
assembly but which is not itself a part of the virion. Analysis of base substitution and deletion mutations in the
packaging signal suggests that both structural and sequence elements are important to its proper function.

Morphogenetic or packaging signals (PS) are cis-active
regions of a viral genome that earmark it for encapsidation;
they have been identified for a number of different viruses.
For those that encapsidate double-stranded DNA, such as
herpesvirus (8) or bacterial viruses like X, P22, and P1 (see
reference 4 for a review), encapsidation initiates at ends of
linear DNA, and the PS is a DNA cleavage signal. For
viruses that encapsidate single-stranded nucleic acids, the
PS seems to participate directly in assembly. A region of
dyad symmetry in single-stranded retroviral RNA is re-
quired; its location in an intron (28, 33) allows the selective
encapsidation of genomic RNA. Its presence in nonretrovi-
ral RNA enables these RNAs to be encapsidated when in
cells that have been infected by helper virus (1). The
single-stranded RNA-containing bacteriophages contain a
hairpin region to which their viral coat protein binds both as
a translational repressor (11) and to nucleate capsid forma-
tion in vivo (24) and in vitro (3a). A specific capsid protein
aggregate from tobacco mosaic virus binds selectively to a
region of the single-stranded RNA genome to initiate particle
formation (55). This region can direct the efficient in vitro
encapsidation of other RNA molecules into pseudovirus
particles (48). The critical feature of this signal appears to be
the sequence of the loop at the apex of a hairpin structure
(51, 52). The single-stranded DNA of the filamentous phage
(fl, fd, and M13) also contains a region of dyad symmetry
that serves as a PS (see below). In this report we describe
genetic efforts to define the signal and the proteins that
interact with it.
The assembly of filamentous phage is unusual among

bacterial viruses in that it takes place at or in the cytoplasmic
membrane of infected cells. Before its encapsidation, single-
stranded phage DNA is covered by dimers of the phage-
encoded DNA-binding protein, which form a rodlike struc-
ture that resembles the phage particle. Phages do not
accumulate in the cytoplasm; rather, they are continuously
extruded through the cell membrane(s) as they are assem-
bled, without causing cell lysis or death. Phage particles
have a fixed diameter, but their length is determined by the
size of their single-stranded, circular DNA genome (nor-
mally 6,407 nucleotides); defective mini phage particles are
shorter than normal, whereas those of phage into which
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extra DNA has been cloned are proportionately longer (see
references 29, 30, 34, and 54 for reviews).

Single-stranded phage DNA contains small but specific
regions with double-strand-like properties. About 2% of the
genome is resistant to digestion by single-strand-specific
nucleases and has the spectral properties expected for dou-
ble-stranded DNA (43). Sequence analysis of these regions
of phage DNA (42) showed a number of potential hairpin
structures. The most striking of these can be drawn as a
hairpin of 32 base pairs interrupted by a small bulge. There
is a major DNA polymerase pause site at the base of this
hairpin when single-stranded phage DNA is used as the
template (21; unpublished results). The unique susceptibility
of this region of the genome to cross-linking by psoralen
treatment of intact virions demonstrates that the hairpin also
exists within the phage particle (22, 46).

Schaller (41) first suggested that this hairpin might func-
tion as a PS. This was confirmed by Dotto et al. (9), who
showed that plasmids that contain this hairpin and the phage
origin of DNA replication produce and efficiently encapsi-
date single-stranded plasmid DNA (when phage helper func-
tions are provided); when such plasmids lack the hairpin
region, the plasmid single strands are poorly encapsidated.
This region functions when cloned at a distance from the
filamentous phage replication origin but only if inserted in
the same orientation as occurs in the phage (9).
The PS is located at an end of the complex between

single-stranded DNA and the phage-encoded single-stranded
DNA-binding protein (2) that serves as the precursor to the
phage particle. Cross-linking studies demonstrated that the
PS is located near an end of the phage particle (45), the end
of the assembling particle that is first to emerge from the
infected cell (25, 53). Thus the PS determines the orientation
of DNA within the particle.

It has been suggested that the PS serves as the initiation
point for the replacement of the DNA-binding proteins by
the virion structural proteins (25, 53). This would predict
that some phage protein(s) might exist that recognizes the PS
so as to initiate assembly. We have applied a genetic
technique to approach this question. Starting with phage in
which the PS had been deleted or interrupted by insertion,
mutants with improved efficiencies of packaging were iso-
lated. A number of mutations were mapped and sequenced;
half were located in phage genes VII and IX, which encode
virion proteins located at the same end of the particle as the
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TABLE 1. Construction of deletions and insertions in PS region

Mutant Large fragment Small Deletion size Deletion Insertion Plaque Construct
type or parent" fragment (bp) positionb position" size name

Deletion R289 R296 20 5515-5534 Tiny R380
R295 R289 24 5491-5514 Normal" R381
R295 R296 44 5491-5534
R296 R229 81 5535-5614 Tiny R387
R289 R229 101 5515-5614 Tiny R388

Insertiond R296 5534 Tiny R385
R229 5613 Normal R403
R289 5515 Normal R404

"A large fragment for APS mutants, parent for insertion mutants.
b See Fig. 1A for diagram of positions.
On K38(pJLB4).

d A 68-bp DNA fragment including the mpl8 polylinker inserted into the phage EcoRI site.

PS, whereas the other half were in gene I, whose product is
required for phage morphogenesis but is not part of the
virion. Phage containing mutations in these genes promoted
assembly of single-stranded plasmid DNAs that lacked a PS
into filamentous transducing particles (TP), suggesting that
the wild-type proteins may normally interact with the PS.
The nature of the PS was also investigated by constructing

altered or artificial PS; the ability of these signals to function
indicates that although the double-stranded nature of the PS
contributes to its function, additional elements of structure
or sequence are involved.

MATERIALS AND METHODS

Phage and bacterial strains. The unique EcoRI sites in
phages R289, R295, and R296 were introduced into wild-type
fl DNA (after nucleotides 5514, 5490, and 5534, respec-
tively) by inserting the linker d(AATT) into full-length linear
molecules isolated after partial digestion with the enzyme
ThaI (CG CG) (J. Boeke, unpublished results). The fl
nucleotides are numbered throughout according to the DNA
sequence of Hill and Petersen (18). The construction of R229
(unique EcoRI site after nucleotide 5614) (5), R363 (contains
a 6.4-kilobase [kb] Escherichia coli DNA insert that includes
the trxB gene) (37), and R382 (contains the IR-1 and gtrxA
mutations) (35) was described previously. R383 was con-
structed by oligonucleotide mutagenesis of R382 as de-
scribed previously (14, 39); it contains a C-to-T mutation at
position 5537 that creates a unique MluI site in the packaging
signal region. MluIr derivatives of R383 were isolated after
digestion with MluI, treatment with T4 DNA polymerase
and all four deoxynucleoside triphosphates, ligation, and
digestion with MluI.
A unique XbaI restriction site was introduced at the

beginning of gene IV in a number of phage strains by
oligonucleotide mutagenesis; the single nucleotide change
required to create the site, T4254 to A, changes a leucine
codon (UUG) to amber (UAG). The first XbaI/amber IV
mutant phage was isolated on K870 cells (leucine-inserting
suppressor). However, it grew best on a tyrosine-inserting
derivative of K38, K833; this strain was used for all subse-
quent work.
Phage with deletions in the PS region (APS) were con-

structed by ligating purified EcoRI-ClaI restriction frag-
ments from double-stranded phage DNAs that contained
their EcoRI site in different positions as described below
(Table 1). Phage with insertions in the PS were constructed
as follows: EcoRI (8-mer) linkers were added to the HaeIII

fragment from M13mpl8 that contains the polylinker region.
After digestion with EcoRI, the 68-base-pair (bp) fragment
that included the polylinker region was cloned into the
unique EcoRI sites of R296, R229, and R289 to create R385,
R403, and R404, respectively.
R465 (PS' IX A30) was constructed by in vitro recombi-

nation (EcoRI and Clal) between R289 and R380-L1 so as to
restore the PS and retain the suppressor mutation. The PS of
R385-L1 was restored by removing (with EcoRI) the 63-bp
insert, creating R466 (PS' I A96). R427 is R289 with a
unique XbaI site in gene IV; R429 is the equivalent deriva-
tive of R380-L1 (IX A30), and R431 is the equivalent
derivative of R388-L3 (I A96). R433, the product of in vitro
recombination (XbaI and BamHI) between R429 and R431,
has the APS of R380 and both the IX A30 and I A96
suppressor mutations. These phage constructs are listed in
Table 2.

E. coli K38 (or its derivatives) was the host for all
experiments. K38 containing pJLB4, a gene IV-containing
plasmid (J. Brissette, unpublished data), was used as the
host for phage containing a truncated gene IV. K1091 (K38
rep-71) was used to assay TP.
Mapping mutations that compensate for deletions of the PS.

The suppressor mutations were mapped by in vitro recom-
bination, by determining which restriction fragments from
parental, wild-type phage DNA could restore the tiny-plaque
phenotype to a suppressor-containing APS phage. Phage
replicative-form DNAs were digested with two restriction
enzymes, each of which had a single site, and the purified
DNA fragments were ligated in different combinations, in
each case maintaining or regenerating the PS deletion or
insertion. Initially, DNA from R380-L1 and from one of its
PS' parents, R289, was digested with BamHI and ClaI to
generate two fragments. Replacement of the smaller frag-
ment from R380-L1 (which contains genes II, V, VII, VIII,
and IX and part of III) by the equivalent fragment from R289
regenerated molecules that formed tiny plaques, indicating
that the suppressor was located in this interval. The gene VII
through IX regions of R380-L1 and 24 other independently
isolated suppressor-containing derivatives of APS phage
R380, R387, and R388 and insertion phage R385 were
sequenced by the dideoxy-chain termination method (40).
Twelve isolates had incurred single mutations in gene IX,
whereas one had incurred a mutation in gene VII.
The remaining 12 isolates had no mutation in gene VII or

IX. One of them (R388-L3) was chosen for further mapping.
The suppressor mutation in this variant was located on the
larger BamHI-ClaI fragment which includes part of gene III,
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TABLE 2. Additional phage and plasmids

Phage or Parent(s) Comments
plasmid

Phage
R382 fl+ IR-1 trxA; interference resistant
R383 R382 Mluld site in PS
R406 R380 R380-LI; PSl\20 IX A30
R427 R289 PS+ XbaI
R429 R380-L1 PS- (A20) IX A30 XbaI
R431 R388-L3 PS- (A101) I A96 XbaI
R433 R429, R431 PS- (A20) XbaI IX A30 I A96
R465 R289, R380-L1 PS+ IX A30
R466 R385-L1 PS+ I A96
R472 R387 R387-L2; PS- (A81) I A96
R476 R387 R387-L1; PS- (A81) IX A30
R477 R388 R388-L2; PS- (A101) I A96

Plasmids"
pD6 No PS
pD8 PS from fl+
pD18 Missing 17 nucleotides from

lower right side of PS
pPMR30 MluI site in PS (from R383)
pMR30-All Mluii' derivative of pPMR30
pPMR30-A17 MluIr derivative of pPMR30
pPMR31 Artificial PS; head-to-head

dimer of 34-bp fragment of
E. coli DNA

pPMR38 PS from Ike phage (plus
orientation)

pPMR39 PS from Ike phage (minus
orientation)

pPMR41 PSA20 (from R380-11)
pPMR48 Combined deletions of pD18,

R381, pPMR30-All
pHV33 No PS; no fl origin of DNA

replication
pHV33+PS PS from fl+; no fl origin of

DNA replication

Also diagrammed in Fig. 7 or 8.

all of genes VI, I, and IV, and the intergenic region,
including the deleted PS. To subdivide this region, a unique
XbaI site was introduced into R388-L3 and R289 by oligo-
nucleotide mutagenesis. Subsequent analysis demonstrated
that the mutation was located on a 2,035-bp XbaI-BamHI
fragment that includes part of gene III and all of genes VI

and I. DNA sequence analysis indicated that all 12 isolates
had incurred a mutation in gene I. The nucleotide and amino
acid changes are shown in Table 3.

Plasmid constructions. Table 2 summarizes the plasmids
used in this study. The plasmid pD6 contains the fl origins of
minus- and plus-strand DNA replication cloned in the
BamHI site of pBR322; its derivative pD8 contains, in
addition, the fl PS region (the 311-bp HaeIII F fragment)
cloned in the EcoRI site in the same orientation with respect
to the fl origin as is found in the phage (defined as the plus
orientation) (9). pD6 was used for the following plasmid
constructions.

(i) The HaeIII F fragment of R383 was cloned via EcoRI
linkers into the EcoRI site in the plus orientation, creating
pPMR30, which has a unique Mlul site in the PS region;
derivatives of pPMR30 in which portions of the PS had been
deleted were isolated after treatment of MluI-digested
pPMR30 with nuclease S1 (1 pg of DNA with 8 U of Si for
30 min at 12°C); T4 DNA polymerase and all four deoxynu-
cleoside triphosphates were added before ligation, and the
reaction was redigested with MluI before transformation.
Sequence analysis of several isolates showed that, in addi-
tion to loss of the MluI site, adjoining sequences had been
deleted to various extents. These plasmids were saved as
pPMR30-All and -/17.

(ii) The HaeIII F fragment of R380-L1 (APS20) was cloned
via Clal linkers into the Clal site in the plus orientation,
creating pPMR41.

(iii) The 464-bp Clal fragment that contains the packaging
signal region of the filamentous phage Ike was cloned into
the Clal site, creating pPMR38 (plus orientation) and
pPMR39 (minus orientation).

(iv) A 36-bp EcoRI-BclI fragment of E. coli DNA was
cloned into the EcoRI site; pPMR31, a plasmid that con-
tained two copies of the fragment in inverted orientation,
was identified by the presence of a ca. 66-bp EcoRI fragment
that contained a BclI cleavage site. DNA sequence analysis
with both single-stranded and alkaline-denatured double-
stranded DNA templates confirmed the construction.

(v) Complementary synthetic oligonucleotides that com-
bined different functional deletions of the PS were cloned
between the EcoRI and Hindlll sites of the vector, creating
pPMR48. The multiply deleted PS of pPMR48 contains the
tip deletion from pPMR30zA11 and a deletion of the base of
the hairpin equivalent to pD18 (10) and R381 (Table 1); it

TABLE 3. Summary of suppressor mutations

Parent Mutation Amino acid Gene Isolate no(s). Allele

R380 A1293-sG Thr-30--*Ala IX Li, L2 A30
G1282 T Arg-26-sLeu IX L3 L26

R385 A1293- G Thr-30-->Ala IX L4 A30
A3481-sG Thr-96--->Ala I Li, L2, L3, L5, L6 A96

R387 A1293-sG Thr-30->Ala IX Li A30
G1282--+T Arg-26---*Leu IX L3 L26
A,186--oG Ile-27--*Val VII L4 V27
A3481-sG Thr-96-->Ala I L2, L6, L7, L8 A96
G3768 -->T Glu-191--sAsp I L5 D191

R388 A1293-*G Thr-30-sAla IX L1, L6, L7 A30
G1282-->T Arg-26-sLeu IX L4, L5 L26
C1281--->T Arg-26-sCys IX L8 C26
A3481-sG Thr-96-sAla I L2, L3 A96

J. VIROL.
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includes fl sequences 5515 to 5534 and 5546 to 5559 along
with an EcoRI (5') and a HindIll (3') site.
The plasmid pHV33+PS was constructed by cloning the

EcoRI fragment from pD8 that contains the fl PS region into
the EcoRI site of pHV33 (49), such that the PS was correctly
oriented in the single strands (see Results).
Other methods. Double-stranded DNA was prepared as

described previously (36), except that for phage DNA log-
phase cells (ca. 5 x 108/ml) were infected at 37°C, chloram-
phenicol was added to a final concentration of 15 ,ug/ml after
20 min, and the cultures were harvested 90 min later. Other
manipulations of DNA were by standard methods (27). DNA
sequence analysis with single- or double-stranded DNA
templates was by the dideoxynucleotide-chain termination
method (40), except that sequencing of the PS region was
performed at 50°C.

Particle stability was measured by incubating phage sus-
pended in 10 mM Tris hydrochloride (pH 7.2)-100 mM NaCl
at 75°C and sampling at various times. Particle length was
measured by electrophoresing lysate samples (diluted with
an equal volume of 8% sucrose-0.74 M Tris glycine [pH 9.5])
on horizontal 1.8% agarose-0.37 M Tris glycine (pH 9.5) gels
in 0.37 M Tris glycine (pH 9.5). Electrophoresis in a Bio-Rad
Mini-Sub gel tank was carried out at 30 to 40 V for 14 to 18
h. Equal titers of TP were electrophoresed, sample lanes
were separated by empty lanes, and the gel was not totally
submerged in buffer to prevent contamination between sam-
ples. To determine titers of phage or TP, individual gel lanes
were excised and cut into 0.5-cm fractions, from which
particles were eluted by overnight incubation in 1.5 ml of
broth. If the particles were to be visualized, the gel was
soaked in 0.2 M NaOH to denature the particles, neutralized
with Tris hydrochloride (pH 8), and stained with ethidium
bromide.
PS activity was determined by infecting log-phase plas-

mid-containing K38 at a multiplicity of infection of 40. After
10 min at 37°C, the culture was centrifuged and rinsed to
remove unadsorbed phage, diluted 400-fold into fresh me-
dium, and incubated at 37°C for 60 min. Incubation was
terminated by heating the lysates at 65°C for 10 min to kill
viable cells. In some cases, plate lysates were prepared (by
plating 106 phage with 0.1 ml of the appropriate bacterial
culture and incubating overnight at 37°C). Titers of TP were
determined by spreading lysate dilutions with concentrated
log-phase K1091 (Amps) on antibiotic-free plates and then
inserting 0.3 ml of ampicillin (15 mg/ml) under the agar. This
procedure allowed a period for the TP to infect and for
phenotypic expression. K1091 (rep-71) was used because
filamentous phage cannot replicate in rep strains (13), and
their absence made it easier to score Ampr transductants.

RESULTS

Construction of deletions and insertions in the phage PS.
The region that contains the filamentous phage PS is shown
in Fig. 1A. Also shown are the locations of the unique EcoRI
sites present in each of four fl derivatives (R229, R289,
R295, and R296). These phage were used to construct
molecules that lacked all or part of the PS. Double-stranded,
replicative-form DNA from each phage was digested with
EcoRI and with ClaI (which has a single site in fl), and the
separated DNA fragments from different phage were com-
bined to create circular molecules missing 20, 24, 44, 81, or
101 bp between EcoRI sites in the PS region (Fig. 1B). These
DNAs were transfected into competent cells; the results are
summarized in Table 1. Deletions that left the end of the
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FIG. 1. Location of unique EcoRI sites in the PS region and
scheme for constructing deletion mutants. (A) The DNA sequence
of the PS region of the viral strand of fl is shown. The names of the
fl derivatives containing an EcoRI site, constructed by inserting the
linker d(AATT) into ThaI sites (Boeke, unpublished results) (i.e.,
R295, R289, and R296) or into a filled in HpaII site (6) (i.e., R229) at
the indicated positions, are also shown. (B) Deletions were con-
structed by digesting phage double-stranded DNA with EcoRl and
ClaI. In the example shown, the larger fragment of R289 and the
smaller fragment of R296 were ligated to create the tiny-plaque-
forming phage R380.

gene IV coding region intact (A20, A\81, and 101) gave rise
to extremely tiny, barely visible plaques. Mutants with one
deletion (A24), which interrupted the end of gene IV, did not
plaque when transfected into the standard fl host, K38, but
made normal-sized plaques when transfected into a strain,
K38 (pJLB4), that provides wild-type gene IV protein in
trans. Mutants with a second construct in which the end of
gene IV was interrupted (A44) formed plaques in neither
host.

Derivatives of R229, R289, and R296 were also con-
structed in which a 68-bp fragment was inserted into their
unique EcoRI sites at the positions shown in Fig. 1A (see
Materials and Methods). As indicated in Table 1, insertion
into R229 or R289 had no effect on plaque size, whereas
insertion into R296 created a phage that formed tiny plaques.

Since the PS determines the orientation of DNA within the
particle (53), it was possible that its presence is required for
particle stability and that formation of tiny plaques is a
consequence of particle instability. This was not the case,
since the kinetics of thermal inactivation of APS and PS+
phage were identical (data not shown).
To show that formation of tiny plaques reflected the

absence of a functional PS, the ability of a deleted PS to
support packaging of a test plasmid was examined. The
HaeIII F fragment of R380-L1 (PSA20) (see below), which
contains the PS region, was cloned into plasmid pD6, a
derivative of pBR322 that contains a functional origin of fl
DNA replication but no PS (9). When pD6-containing cells
were infected by an appropriate filamentous helper phage,
the phage origin in the plasmid was activated and single-
stranded, circular DNA was produced; however, these plas-
mid single strands were not efficiently packaged into phage-
like TP. In contrast, pD8, a derivative of pD6 that does
contain a complete PS (the HaeIII F fragment from fl+
phage cloned in the same orientation as the fl origin of
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replication) is very efficiently packaged (9). The PSA20
analog of pD8, pPMR41, was as inefficiently packaged as
pD6, about 2% as well as pD8 (see below). Thus a 20-base
deletion in the upper portion of the PS hairpin destroys its
ability to direct single-stranded DNA into the assembly
pathway, and tiny-plaque formation is a reflection of this
deficiency.
A number of tiny plaques from each transfection were

picked, and titers were determined. They contained fewer
phage (6 x 106 to 2 x 107) than normal-sized plaques (3 x 108
to 6 x 108). Furthermore, a variable fraction (10-1 to 10-4)
of the phage in the tiny plaques formed almost normal-sized
plaques. The variants that formed larger plaques bred true,
suggesting that revertants or pseudorevertants had been
selected.

Isolation and identification of pseudorevertants. A single
tiny plaque from each transfection was saved (as R380 [A20],
R385 [R296+68], R387 [A81], and R388 [A101]), and a series
of independent large-plaque variants was isolated from each
(designated R380-L1, -L2, -Ln, etc.). Restriction enzyme
analysis of replicative-form DNA of a single variant from
each of the deletion phage R380, R387, and R388 showed
that a single EcoRI site remained and that the size of each
deletion was approximately correct. Sequence analysis con-
firmed the precise extent of each deletion or insertion and
demonstrated that no additional sequence changes had oc-
curred within the PS regions. Thus restoration of the ability
to form a near-normal-sized plaque (i.e., to produce or
assemble phage at closer to normal levels) must be due to
compensating mutations located outside the region that
contains the PS.
Because of the rapidity with which suppressor mutations

arose, quantities of tiny-plaque-forming phage sufficient for
genetic or physical analysis could not be prepared. Instead,
in vitro recombination was used to map the suppressor
mutations in reverse, by determining which restriction frag-
ments from parental, wild-type phage DNA could restore the
tiny plaque phenotype to a suppressor-containing APS
phage. Phage replicative-form DNAs were digested with two
restriction enzymes, each of which had a single site, and the
purified DNA fragments were ligated in different combina-
tions, in each case maintaining or regenerating the PS
deletion or insertion. In this way, the suppressor mutation in
R380-L1 was mapped to a DNA fragment that included
genes II, V, VII, VIII, IX, and part of III, quite distinct from
the PS itself. Genes VII and IX encode small virion proteins
(33 and 32 amino acids long, respectively) located at the
same end of the particle as the PS (25), making them good
candidates for generating suppressor mutations that com-
pensated for deletion of the PS. Sequence analysis of the
gene VII through IX region of R380-L1 revealed a single
base substitution, A1293 to G, that caused a threonine-
to-alanine change at codon 30 in gene IX. This gene IX
mutation was named A30. Twenty-five independently iso-
lated suppressor-containing derivatives of APS phage R380,
R387, and R388 and insertion phage R385 were sequenced in
this region (Table 3). Six additional isolates of the A30
mutation in gene IX were identified. Four phage had in-
curred a G-to-T change at position 1282, changing codon 26
of gene IX from arginine to leucine, whereas one contained
a C-to-T change at position 1281 that changed this same
arginine to cysteine. A single isolate had incurred an A-to-G
change at position 1186, changing codon 27 of gene VII from
isoleucine to valine (V27). This mutation also altered the -10
region of the gene VIII promoter (42) (which encodes the
major coat protein), and cells infected by the phage that
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FIG. 2. Rate of production of APS phage. An agar plug contain-
ing a single, tiny R380 plaque in 0.5 ml of broth was incubated at
37°C with 0.5 ml of a growing culture (ca. 4 x 10' cells per ml) of
bacteria. Samples were withdrawn at the times indicated, heated at
65°C for 5 min to eliminate infective centers, and plated. The
numbers of tiny plaques (0) and large plaques (0) were scored for
each sampling time.

carried this mutation produced less major coat protein,
about 40% as much as wild-type infections (data not shown).
Because of the difficulty in determining whether the reduced
amount of gene VIII protein or the altered gene VII protein
was responsible for the improved growth of the APS phage,
and because no other (simpler) gene VII mutations were
isolated, this mutant phage was put aside.
The remaining 12 isolates had no mutation in gene VII or

IX. One of them (R388-L3) was chosen for further mapping.
In vitro recombination indicated that the suppressor muta-
tion in this phage was located on a DNA fragment that
includes part of gene III and all of genes VI and I. Gene I
encodes a protein that is required for filamentous phage
assembly but is not part of the virion (genes III and VI
encode proteins located at the end of the phage opposite
from the PS), making it a good candidate for containing the
suppressor mutation. Sequence analysis of the R388-L3 gene
I indicated a single A-to-G change at position 3481 that
changed codon 96 from threonine to alanine (A96). Eleven of
the 12 remaining phage had incurred the identical mutation,
whereas the 12th, R387-L5, had incurred a single G-to-T
change at position 3768, changing codon 191 from glutamic
acid to aspartic acid (D191). A summary of the mutations
that compensate for inactivation of the PS is shown in Table
3.

Characterization of phage with PS deletions and compensa-
tory mutations. The low titer of phage in a tiny plaque and
the large fraction that have already incurred compensating
mutations (10-1 to 10-') reflects how poorly the APS phage
that lack a compensating mutation are produced. This is
illustrated by the growth curves presented in Fig. 2. A single
(tiny) R380 plaque was used to infect an excess of cells, and
samples were assayed at the indicated times for the number
of tiny-plaque and near-normal-plaque producers. Although
the initial fraction of suppressor-containing phage was low (5
X 10-3), within 60 min it had reached the same level as its

J. VIROL.
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FIG. 3. Rate of production of APS phage containing the I A96,
IX A30, or both suppressor mutations. Bacteria (K38 supF) grown
at 37°C to 3.5 x 108 cells per ml were infected by phage at
multiplicities of infection of 80. After 8 min, the cultures were

centrifuged, rinsed, suspended, and diluted 104-fold. The cultures
were assayed for viable cells and infective centers (data not shown;
see the text); at the times indicated, samples were removed into
CHCl3, and phage titers were determined. Symbols: 0, R427 (PS'
I' IX+); A, R431 (APS I A96 IX+); A, R429 (APS I+ IX A30); 0,

R433 (APS I A96 IX A30).

tiny-plaque-forming parent. In 150 min of growth, the large-
plaque formers increased more than 105-fold, whereas the
tiny-plaque-forming parent increased 10-fold.
With the kinetics of phage production as an indicator (Fig.

3), compensating mutations in genes IX and I restored APS
phage to close-to-normal assembly rates at early times after
infection. The decline in their rate of production at later
times likely reflected the reduced viability of the cells they

infected (5% for the I mutant and 15% for the IX mutant,
compared with 50% for the PS' control); reduced viability,
in turn, implied that the normal balance of DNA and protein
synthesis with assembly was not precisely maintained and
suggested that the mutant proteins were unable to fully
restore the assembly rate to a level that could keep up with
the supply of components. Phage production and infected
cell survival with R433, a APS phage that contains both the
gene IX and gene I suppressor mutations (constructed by in
vitro recombination), were very close to those of the PS'
control, better than either suppressor alone. Thus the effects
of the compensating mutations are additive.

Suppressor mutations act in trans. Because APS phage
accumulated mutations so rapidly, stocks that had not in-
curred compensating mutations could not be prepared, and
characterizations such as those described above necessarily
involved comparisons between wild-type and doubly mutant
phage (i.e., APS and a compensating mutation). To examine
the effects due solely to the compensating mutations, intact
PS were restored to a APS-IX A30 and a APS-I A96 phage by
reversing the in vitro recombination procedure that had been
initially used to construct them. R465 (PS' IX A30) and
R466 (PS' I A96) grew better than their APS parents,
forming plaques that were indistinguishable from wild-type
phage. R465 and R466 phage supported the formation of
filamentous TP from plasmid pD6 (which lacks the fl PS) at
higher efficiencies than did the isogenic control phage, R289
(Table 4). Both the absolute titer of TP and the titer relative
to the helper phage yield were stimulated about 10-fold.
Thus suppressor mutations in both genes work in trans, and
the gene IX and I proteins promote morphogenesis of single
strands that lack a PS. These suppressors still "recognize"
the PS, since R465 and R466 support TP formation from pD8
(pD6+PS) at higher efficiencies than from pD6, in this case
at about the same efficiency as R289 (Table 4).
The plasmid pC194 is one of a number of broad-host-

range, small plasmids isolated from gram-positive bacteria
that is capable of replicating in gram-negative bacteria and
exists as both double-stranded and single-stranded DNA in
Bacillus subtilis (50) and E. coli (as a chimera with pBR322,
called pHV33), reflecting a rolling-circle mode of replication
(17, 49) like that in filamentous phage. The intracellular
concentration of single strands is low (49); they represent

TABLE 4. Effect of suppressor mutations on encapsidation of single-stranded plasmid DNA"

Helper phage Plasmid Phage titer/ml TP titer/ml TP/phage ratio

R289 (wild type) pD6 (PS-) 9.7 x 1010 1.6 x 109 0.02
R465 (IX A30) pD6 (PS-) 8.4 x 1010 1.5 x 1010 0.18
R466 (I A96) pD6 (PS-) 7.7 x 1010 4.0 x 1010 0.52

R289 (wild type) pD8 (PS') 6.8 x 1011 1.2 x 1011 0.18
R465 (IX A30) pD8 (PS') 5.4 x 1011 1.3 x 1011 0.24
R466 (I A96) pD8 (PS') 4.3 x 1011 1.4 x 1011 0.33

R289 (wild type) pHV33 4.5 x 1012 2.8 x 108 6.2 x 10-5
R465 (IX A30) pHV33 4.6 x 1012 4.8 x 107 1.0 X 10-5
R466 (I A96) pHV33 5.1 x 1012 3.5 x 109 6.9 x 10-4
R476 (APS IX A30) pHV33 1.9 X 1012 2.5 x 1010 1.3 x 10-2
R472 (APS I A96) pHV33 4.9 x 1012 3.4 x 1010 6.9 x 10-3

R289 (wild type) pHV33+PS 3.5 x 1012 3.0 x 109 8.6 x 10-4
R465 (IX A30) pHV33+PS 3.7 x 1012 2.0 x 109 5.4 x 10-4
R466 (I A96) pHV33+PS 5.2 x 1012 1.8 x 1010 3.5 x 10-3

" Lysates were prepared by plating 106 phage with 0.1 ml of stationary-phase cultures of K38 carrying the indicated plasmid. After overnight incubation at 37'C,
the lysates were harvested and titered as described in Materials and Methods.

6
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FIG. 4. Size of pHV33 and pHV33+PS TP. TP lysates of pHV33
(A) and pHV33+PS (0) prepared with R289 helper phage were
electrophoresed and eluted, and titers were determined as described
in Materials and Methods. The TP titers were scaled arbitrarily so
that the peak portions of particles from lysates with different titers
could be displayed on a single plot. The positions of the marker
phage peaks (R363, 12.8 kb; R289, 6.4 kb) are indicated by arrows.

less than 0.5% of total single strands in an fl-infected,
pHV33-containing cell (data not shown). The pHV33 single-
stranded DNA can be encapsidated into TP when filamen-
tous helper phage are present (7). These TP, which are
longer than expected for the size of the plasmid, contain a
plasmid single strand coencapsidated with a helper phage
genome (7). Upon disruption of the particles, separate plas-
mid (7.3-kb) and helper-phage (6.4-kb) single-stranded
DNAs are released (B. Michel, personal communication).
This suggests that pHV33 single strands cannot initiate
encapsidation and that they can only be encapsidated into
assembling particles that already include a helper phage
genome. A failure to terminate encapsidation after a single
phage genome has been incorporated is not uncommon;
about 2 to 5% of wild-type phage particles are double length
and contain two unit-length genomes (3, 44). Introduction of
an fl PS into pHV33 (as in pHV33+PS, in which the PS is
cloned so that its orientation in the plasmid single strand is
identical to that in pD8 or phage single strands) leads to a ca.
10-fold increase in the absolute and relative numbers of TP
generated (Table 4).

Figure 4 confirms that >99% of the pHV33 TP are
coencapsidated and shows that pHV33 +PS TP are indepen-
dently packaged. Lysates containing R289 helper phage and
either pHV33 or pHV33+PS TP were electrophoresed on a
1.8% agarose gel at pH 9.5. At this pH the particles, which
carry a net negative charge on their solvent-exposed surface,
migrate as a function of their length (30). After electropho-
resis the gel lanes were sliced, the phage and TP were eluted,
and titers were determined. The pHV33 TP migrated slightly
more slowly than R363 (a 12.8-kb marker phage), consistent
with the length expected for particles that contain one
molecule of pHV33 and one of R289 DNA (7.3 + 6.4 = 13.7
kb). The pHV33+PS TP migrated much faster, as would be
expected for particles containing a single genome.
To examine the effect of the suppressor mutants on

encapsidation of pHV33, lysates were prepared with helper
phage that contained a wild-type PS and either a gene I or a

gene IX suppressor mutation. The TP yield was 10-fold
higher with helper phage that contained the gene I mutation
(A96) than with the wild-type control; with helper phage that
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FIG. 5. Effect of gene I or gene IX suppressor mutations on the
size of pHV33 TP. TP lysates of pHV33 prepared with R289 (wild
type) (A), R465 (IX A30) (0), or R466 (I A96) (0) helper phage were
electrophoresed on an agarose gel and eluted, and titers were
determined as described in Materials and Methods. The positions of
the marker phage peaks (R363, 12.8 kb; R289, 6.4 kb) are indicated
by arrows.

contained the gene IX mutation (A30) the yield was actually
lower (Table 4). Analysis of particle size (Fig. 5) showed that
more than 90% of the TP produced with mutant pl were unit
length, despite the absence of a PS in the pHV33 genome. By
contrast, >95% of those produced with mutant pIX were
coencapsidated, like the control.
The situation was different when the helper phage did not

contain a PS. Under these circumstances there was an
increase in the yield of TP no matter which suppressor was
used (Table 4), and most of these TP were singly encapsi-
dated (data not shown). Hence competition from PS-con-
taining helper phage can prevent independent initiation of
packaging of DNA molecules which themselves do not
contain a PS.
pD6, which like pHV33 lacks a PS, was primarily singly

encapsidated into particles that reflected its 5-kb genome;
when wild-type (R289) helper phage were used, more than
95% of the pD6 particles were unit length (Fig. 6). This
plasmid contains the fl replication origin, and substantial
amounts of single strands are generated when phage repli-
cation functions are provided (9). Because the plasmid copy
number is high relative to that of the infecting phage, the
phage origin on the plasmid is used by the phage replication
proteins at the expense of phage templates. This leads to a
high concentration of plasmid DNA relative to phage DNA
in the infected cell. When an interference-resistant helper is
used, the balance of phage and plasmid DNA synthesis is
altered, and the ratio of phage to plasmid DNA is increased
(12). Under these circumstances, about 30% of the pD6 TP
are coencapsidated with helper phage (Fig. 6). Hence the
ratio of singly to doubly encapsidated pD6 molecules is
related to their concentration relative to that of the helper
DNA.

Further definition of the packaging signal. To test whether
the sequence at the tip of the PS hairpin is critical for its
recognition, a series of phages with minor tip alterations was
generated. Preliminary experiments showed that the yields
of these mutant phages were normal (data not shown). A
more sensitive assay is to test the ability of the altered PS to
compete with a wild-type PS. In the experiment presented in
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FIG. 6. Size of pD6 TP. TP lysates of pD6, prepared with R289
(0) phage or with the interference-resistant phage, R382 (S), were
electrophoresed on an agarose gel and eluted, and titers were
determined as described in Materials and Methods. The position of
the marker phage peak (R289, 6.4 kb) is indicated by an arrow.

Table 5, the cells carried pD8 (PS'), and the relative yield of
TP to phage was measured. When the helper phage con-
tained a defective PS, as in R408, the relative yield of TP
increased 10-fold. By contrast, base substitutions or a two-
base insertion at the tip of the PS had no such effect. R383
phage (C5537->T, which creates a unique MluI site) were not
more effective in encapsidating pD8 (PS') than R382, which
contains a wild-type PS. Similarly, MIul-resistant deriva-
tives of R383 in which A or T had replaced G5536 in the
hairpin loop, in which T replaced G5534 adjacent to the loop,
or in which GC was inserted after position 5536 in the loop
retained full PS activity. Phage R296 (Fig. 1A) formed
normal-sized plaques; thus a four-base insertion at the tip did
not disrupt PS function either.
Among the original insertion and deletion constructs, two

phage, R381 (A24) and R404 (+68), formed normal-sized
plaques upon transfection into the appropriate strain. The
deletion in R381 (from positions 5490 to 5514) removed the
lower left portion of the 78-nucleotide PS region (Fig. 7). The
insertion in R404 was at the EcoRI site of R289, located
between bases 5514 and 5515, just above the bulge or region
of noncomplementarity. Sequence analysis confirmed that
neither R381 nor R404 had incurred suppressor mutations at
any of the positions identified for the other deletion or

TABLE 5. Effect of changes at the PS tip"

Phage Change Position TP/phage Normalizedratio ratiob

R382 0.14 1
R383(MluI) C-*T 5537 0.14 1
R383-Mlulr-2 +GC 5536 0.14 1
R383 MluIr 6 G--T 5534 0.14 1
R383 MIuIr 8 G->A 5536 0.18 1.3
R383 MluIr9 G-*T 5536 0.15 1
R408 PSA20 5515-5534 1.5 10.7

a K38 containing pD8 were grown to an optical density 0.6 and infected by
R382 or derivatives of R382 containing the indicated changes in the PS at a
multiplicity of infection of 40. After 10 min, the cells were centrifuged,
suspended, and diluted 104-fold. After incubation at 37'C for 60 min, the
samples were heated to 65°C to kill viable cells. Phage and TP were assayed
as described in Materials and Methods.

b Normalized to the TP/phage ratio obtained with R382.
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FIG. 7. Comparison of the fl, Ike, and artificial PS. The se-
quences of the PS region of fl (18, 42) and Ike (31) are shown in the
folded form predicted for the single, genomic strand. The artificial
PS (APS) is a head-to-head dimer of an EcoRI-BclI restriction
fragment of E. coli DNA. The extent of the deletions of the fl PS
carried in R381, pD18, or pPMR3OA11, all of which do not impair
function, are shown by the thinner line. The deletion carried by
pPMR3OA17, which destroys PS function, is shown by the heavier
line. The arrows indicate the positions at which up to four nucleo-
tides can be inserted without disrupting function (R296, R383-
MluIr-2). Insertion of 68 nucleotides at the position of the lower
arrow disrupts PS function (R385). Base substitutions at the shad-
owed nucleotides near the tip have no effect (R383, R383_MluIr-6,
-8, -9). Nucleotides in boldface type indicate homologies between
the Ike PS and the essential region of the fl PS.

insertion mutant phage. Their normal plaque size and the
apparent absence of suppressor mutations suggest that the
lower-left-hand portion of the hairpin (including the bulge) is
not an essential part of the PS. Given the double-stranded
nature of the PS region, this is consistent with the observa-
tion of Dotto and Zinder (10) (Table 6) that pD18, a deriva-
tive of plasmid pD6 containing a truncated PS region that is
missing the lower-right-hand portion of the hairpin beyond
nucleotide 5559 (Fig. 7), is as efficiently assembled into TP as
pD8, which contains the entire hairpin.
What other features of the hairpin determine its activity as

a PS? Table 6 presents the results of an experiment in which
cells containing pD6-derived plasmids with altered PS re-
gions were infected with helper phage, and the efficiency of
TP formation was determined. Figure 7 is a diagram of some
of the altered PS constructs, and Fig. 8 shows their postu-
lated structures. pPMR41, an analog of pD8 in which 20
bases (5515 through 5534) have been deleted (as in the APS20
phage R380), assembled into TP at the same low efficiency as
pD6. Thus deletion of the predicted 20 bp that form the
upper portion of the hairpin eliminates PS function.
pPMR3OA11, a plasmid in which 11 bases (5535 through
5545) are deleted, retained activity. Loss of six additional
bases (5527 through 5543), as in pPMR3OA17, which should
remove an additional 2 bp, eliminated PS activity. Clearly,
structure is critical, since the PS in pPMR48, in which both
the nonessential regions defined by R381 and pD18 (the base)
and by pPMR30A11 (the tip) were deleted, was not active
(Table 6). Although specific base recognition is not ex-
cluded, some structure that can be provided either by the
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TABLE 6. Effect of PS alterations on TP formationa

Helper Plasmid PS Phage titer/ml TP titer/ml TP/phage ratio

PS+ pD6 - 1.9 x 108 2.0 x 106 0.01
PS+ pD8 + 2.1 x 108 1.1 x 108 0.52
PS+ pD18 Abase 1.4 x 108 6.6 x 107 0.47
PS+ pPMR41 A20 1.0 x 108 6.5 x 105 0.007
PS+ pPMR30(A11) All 1.5 x 108 8.8 x 107 0.59
PS+ pPMR30(A17) A17 2.5 x 108 2.4 x 106 0.01
PS+ pPMR48 All, base 4.2 x 107 1.3 x 106 0.03
PS+ pPMR31 APS 2.0 x 108 7.2 x 106 0.04
PS+ pPMR38 Ike PS (+) 4.1 x 107 2.8 x 107 0.68
PS+ pPMR39 Ike PS (-) 1.9 x 108 2.0 x 105 0.001

APS IX A30 pD6 2.6 x 107 9.8 x 106 0.38
APS IX A30 pD8 + 1.3 x 107 5.0 x 107 3.9
APS IX A30 pPMR30(A11) All 1.3 x 107 1.1 x lo0 8.5
APS IX A30 pPMR30(A17) A17 1.1 X 107 8.0 x 106 0.72
APS IX A30 pPMR48 All, base 5.0 x 106 7.0 x 105 0.14
APS IX A30 pPMR31 APS 8.0 x 106 3.5 x 107 4.4
APS IX A30 pPMR38 Ike PS (+) 4.0 x 106 6.5 x 107 16.0
APS IX A30 pPMR39 Ike PS (-) 1.3 x 107 1.0 X 106 0.08

APS I A96 pD6 2.9 x 107 2.8 x 107 1.0
APS I A96 pD8 + 3.7 x 107 1.5 x 108 4.1
APS I A96 pPMR31 APS 3.6 x 107 1.1 x 108 3.1
APS I A96 pPMR38 Ike PS (+) 6.5 x 106 6.5 x 107 10.0
APS I A96 pPMR39 Ike PS (-) 3.8 x 107 6.5 x 106 0.17

a K38 bacteria containing the indicated plasmids were grown in fortified broth containing 100 ,ug of ampicillin per ml to an optical density 0.6. Phage (R289,
PS+; R406, APS IX A30; R477, APS I A96) were added at a multiplicity of infection of 40. After 10 min at 37°C, the cultures were centrifuged, rinsed to remove
unadsorbed phage, and diluted 400-fold. After 60 min of incubation, the samples were heated to 65°C to kill viable cells, and titers of the phage and TP were
determined as described in Materials and Methods.

bottom or by the top portion of the hairpin must also be
present.
The plasmid pPMR31 is a pD6 derivative that contains two

copies of a 36-bp restriction fragment (of E. coli DNA)
inserted in a head-to-head orientation to potentiate hairpin
formation. This insertion might act as an artificial PS, with a
hairpin longer than the actual PS hairpin (Fig. 7). With
wild-type (R289) helper phage, pPMR31 TP were produced

ALTERED PACKAGING SIGNALS
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FIG. 8. Proposed structure of the wild-type (WT) and altered PS.
A schematic representation of the structure of the fl PS as originally
proposed by Schaller et al. (42) is marked as WT. The other
diagrams represent the structures expected for the altered PS. The
number at the side of each upper hairpin refers to the predicted
number of base pairs remaining in that stem. The numbers near the
large loops show the number of unpaired nucleotides expected. PS'
structures function; PS- structures do not. The names of the phages
and/or plasmids that contain these constructs are given at the
bottom.

at very low efficiency (Table 6), which suggests that a
specific base sequence or a structural feature other than
simple double strandedness is required for PS activity.
The efficiency of TP formation was also determined by

using helper phages (R406 and R477) that themselves lacked
a functional PS and had compensating mutations in genes I
and IX, respectively (Table 6). Since APS phage that con-
tained a suppressor mutation were assembled somewhat less
efficiently than wild-type phage (Fig. 3), and since the
suppressor mutations acted in trans, both the absolute and
the relative yields of TP that lacked a functional PS were
increased over those of the PS' control helper. In spite of
this increase in the background, it is clear that the artificial
PS in pPMR31 worked almost as well as the wild-type PS in
this context. Thus, although the authentic PS competed with
the artificial PS very effectively, an arbitrarily chosen dou-
ble-stranded region by itself could stimulate assembly. The
APS constructs pPMR3OA17 and pPMR48, which were inac-
tive with PS' helper phage, remained inactive even when
the helper phage contained no competing PS.
The filamentous phage Ike shares a common genome

organization with fl (and fd and M13) but has diverged
substantially (ca. 50% homology at the coding level) (31). Ike
contains a region of dyad symmetry between its gene IV and
replication origin that functions as a PS (31). Although there
is substantial conservation between the sequences of the two
PS regions, the differences between the two led to the
prediction of different hairpin structures (Fig. 7). Nonethe-
less, the Ike PS was very active with fl helper phage, since
pPMR38, the pD6 derivative that contained it, was efficiently
packaged with both wild-type and APS helpers (Table 6).
The fl PS must be in the correct orientation with respect to
the fl replication origin to function (9). Similarly, when the
DNA fragment containing the Ike PS was present in the

PlosmM: pPMR 41 48
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orientation opposite to the fl replication origin, as in
pPMR39, TP were produced at a background level.

DISCUSSION

In infected cells, single-stranded DNA destined for assem-
bly into phage particles is in a complex with pV, a highly
cooperative single-stranded DNA-binding protein. For
phage to assemble, this protein, which at physiological salt
concentrations binds DNA quite tightly (6), must be replaced
by the virion structural proteins. This process involves the
cis-acting PS, the phage structural proteins, and the two
helper proteins, products of genes I and IV, which are
required for assembly but are not part of the virion (29, 54),
as well as the E. coli protein thioredoxin (23, 38).
Removal of the PS has drastic effects on assembly. In the

absence of a compensating mutation, assembly proceeds at
less than 0.1% of the normal rate. This provides strong
selection for suppressor mutations, which arise at high
frequency and occur, for the most part, in genes IX and I.
The experiments presented deal with two questions: (i) what
are the essential components of the PS, and (ii) what is the
nature of these compensating mutations?
The most obvious feature of the PS is that it can be drawn,

and found, as a hairpin. Since gene V protein binds single-
stranded DNA much more tightly than double-stranded
DNA, this feature suggests that one function of the PS is to
provide a region at which gene V protein either will not bind
or can easily be displaced. Indeed, Bulsink et al. (6) have
calculated that at the protein and salt concentrations found
in an infected cell, gene V protein will not bind to the PS
hairpin. This can account for the observation that, although
the PS is not required for formation of the pV-single-
stranded DNA complex (16), when present it is found at an
end of this rod-shaped complex (2). Double strandedness
alone is not sufficient for PS function, since an artificial PS
formed by the head-to-head joining of a restriction fragment
cannot complete with a wild-type PS. Nonetheless, the
capacity to form a hairpin is important, since the artificial PS
works when there is no competing wild-type PS, and since
deletions of the authentic PS that by themselves retain
function lack PS activity when combined into one construct.
The sequence at the tip of the PS is not crucial, since base
substitutions and small insertions at the tip can be tolerated
and since both the All deletion and the PS of the related
phage Ike, which have different sequences at the tip, are
functional. Substantial deletions can be made in the PS
without disrupting its function (Fig. 7 and 8). Comparison of
the Ike PS with the region of the fl PS that cannot be deleted
shows some sequence homology. In each there is a CGGGT
sequence closely followed by a GGTG sequence on the
ascending limb of the hairpin and a TGCC sequence on the
descending limb (Fig. 7). This last sequence is also found
(fortuitously) in the artificial PS, which lacks function. The
failure of A17 to function could be due to the deletion of two
bases from the GGTG sequence shared by the Ike and fl PS,
although it does lack 2 bp from the upper hairpin that are
retained in All, and might simply form an insufficiently
stable double-stranded structure. Thus a functional packag-
ing signal consists of a combination of a region that can form
a hairpin together with specific sequence elements, which,
from the deletion analysis, must be located in a relatively
small region of the PS (Fig. 7 and 8).
Of the 25 independently isolated phage that had accumu-

lated suppressor mutations, 12 had mutations in gene I (at
two sites), and 12 had mutations in gene IX (at three sites).

The one mutation in gene VII also altered the promoter for
the major coat protein gene. The products of each of these
genes are involved in phage assembly. The mutant proteins
may have reduced specificity for the PS, enabling them to
interact with alternate DNA sequences or structures.
The gene I protein is required for assembly but is not a

component of the virion (32, 54). It is an integral membrane
protein required for the formation of the increased number of
adhesion zones that are found in phage-infected cells (26).
These regions, where the inner and outer membrane are
joined, are the sites at which assembling phage are extruded
(25). It is inferred that the protein is involved in creating the
export zone or port through which the phage emerge (26).
The N-terminal two-thirds of the protein is located in the cell
cytoplasm (19, 20), and it is in this region that the mutations
that compensate for inactivation of the PS lie. This suggests
that the gene I protein may interact with phage DNA,
directly or indirectly. Genetic evidence indicates that the
cytoplasmic domain of the protein also interacts with a host
protein (thioredoxin) required for filamentous phage assem-
bly (23, 36, 38), but the suppressor mutations that compen-
sate for a PS defect are different from those that suppress
thioredoxin missense mutations. In addition, there is a
consensus nucleotide-binding site near its N terminus. Thus
pl seems to have at least three, not necessarily independent,
functions: participating in export pore formation, DNA
recognition, and thioredoxin interaction.
The proteins encoded by genes VII and IX are part of the

virion (15, 47), and they are required for particle formation
(54). The 32-amino-acid gene IX protein and the 33-amino-
acid gene VII protein are located at the same end of the
phage particle as the PS (53); this is the end that first emerges
from the cell, the end at which assembly must be initiated
(25). Their proximity in the particle make an interaction
between either (or both) of these proteins and the PS a
reasonable possibility. pIX is membrane associated (unpub-
lished results), and pVII is thought to be as well. The three
different gene IX mutations that compensated for inactiva-
tion of the PS were to more hydrophobic amino acids.
The APS phage that have a compensating mutation have a

dramatic growth advantage. They are produced at a rate of
about 100 phage per min, whereas the rate for APS phage
that lack a compensating mutation is less than 0.04 phage per
min. This very low rate of production suggests that cells
initially infected by suppressorless phage may not assemble
phage until a suppressor mutation arises in that cell. Once
the mutation occurs, the mutant protein could act in trans to
promote efficient encapsidation of both mutant and nonmu-
tant single strands.
Two different plasmids, pHV33 and pD6, have been used

to evaluate these suppressor mutations. pHV33 single
strands exist in small amounts in uninfected E. coli and
represent less than 0.5% of the single strands present after
filamentous phage infection (unpublished results). Thus,
encapsidation of pHV33 single strands does not significantly
alter the dynamics of phage gene expression and particle
assembly. pHV33 TP are normally coencapsidated with a
helper phage genome (7; B. Michel, personal communica-
tion; Fig. 4). Presumably the PS-containing helper phage
genome is located at the leading end of the double-length
particle (with the PS at the pVII-pIX end as is normally the
case), with the plasmid genome at the lagging end of the
particle, incorporated behind an assembling particle that is
ultimately to be terminated by the gene III and gene VI
proteins. If a wild-type PS is introduced into pHV33, the
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plasmid single strands are encapsidated into unit-length
particles.
When the helper phage contains a gene I compensating

mutation, pHV33 (without the PS) is encapsidated more
efficiently and into unit-length particles. Thus an altered
gene I protein can initiate the encapsidation of molecules
that lack a PS. By contrast, helper phage that contain a gene
IX suppressor mutation are unable to initiate pHV33 encap-
sidation. The I and IX mutant helper phage used in these
experiments contained a wild-type PS. Use of helper phages
that carried either suppressor mutation but did not have a PS
resulted in independent packaging of pHV33. Thus, other-
wise assembly-incompetent DNA substrates can be encap-
sidated if the helper lacks a PS.
The situation with pD6 is quite different and more com-

plex. This plasmid replicates actively after phage infection
and competes strongly with the helper for phage-encoded
functions. With wild-type helper phage it is encapsidated
into unit-length particles, but when the helper is interference
resistant (12, 35) about 30% are coencapsidated with helper.
Apparently alterations in the dynamics of phage replication,
in phage gene expression, and perhaps in the rate of particle
assembly can affect encapsidation of molecules that lack a
PS. The large amount of single-stranded DNA of pD6
relative to pHV33 (and relative to the PS' helper single
strands) might account for the ability of pD6 single strands to
be singly encapsidated. However, these single strands might
also contain a structural feature, missing in pHV33, that
allows it to be independently encapsidated even when the
helper phage lack a suppressor mutation. For example, pD6
contains the minus-strand replication origin of fl, which
consists of two sets of inverted repeats that can form
imperfect 14- and 18-bp hairpins. By contrast, the largest
potential hairpin identified in a computer search of the pC194
portion of pHV33 was only 12 bp long. Thus the fl minus-
strand hairpins could serve as a weak secondary PS.
By use of the PS and the proteins that appear to interact

with it (pI, pIX, and possibly pVII), filamentous phage have
evolved an efficient system for both morphogenesis of the
final particle and for specifically encapsidating only phage
DNA. This specificity is quite stringent with regard to the
initiation of assembly, as reflected by the poor growth of
phage without a PS. Coencapsidation of two DNA molecules
occurs in about 2 to 5% of the particles produced in a
wild-type infection (3, 44), and packaging of a second DNA
molecule does not seem to require a PS. Thus the phage can
carry nonphage DNA, but this would normally occur only in
tandem with a phage genome. It seems quite possible that
this rather sophisticated transduction scheme could be of
value to the phage. Specific mutations in gene I or IX relieve
the stringency of the packaging constraint, but molecules
with a wild-type PS are still strongly favored. Judging from
the results with pHV33, a gene I mutation is more effective
than a gene IX mutation in relieving specificity constraints,
and it is probable that pl acts before gene IX, since once the
IX protein has interacted initiation of packaging has presum-
ably been achieved.
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